Mechanistic target of rapamycin (mTOR) complex 1 (mTORC1) integrates various environmental signals to regulate cell growth and metabolism. DEPTOR, also termed DEPDC6, is an endogenous inhibitor of mTORC1 and mTORC2 activities. The abundance of DEPTOR centrally orchestrates the mTOR signaling network. However, the mechanisms by which DEPTOR stability is regulated are still elusive. Here, we report that OTU domain-containing ubiquitin aldehyde-binding protein 1 (OTUB1) specifically deubiquitinates DEPTOR in a deubiquitination assay. We found that OTUB1 directly interacted with DEPTOR via its N-terminal domain, deubiquitinated DEPTOR, and thereby stabilized DEPTOR in a Cys-91-independent but Asp-88 -dependent manner, suggesting that OTUB1 targets DEPTOR for deubiquitination via a deubiquitinase activity-independent non-canonical mechanism. The interaction between OTUB1 and DEPTOR was enhanced when the cells were treated with amino acids. Moreover, OTUB1 suppressed amino acid-induced activation of mTORC1 in a DEPTOR-dependent manner and thereby ultimately controlled cellular autophagy, cell proliferation, and size. Our findings reveal a mechanism that stabilizes the mTORC1 inhibitor DEPTOR via OTUB1's deubiquitinase activity. Our insights may inform research into various mTOR activity-related diseases, such as cancer, and may contribute to the identification of new diagnostic markers and therapeutic strategies for cancer treatments.
The mammalian target of rapamycin complex (mTORC) signaling pathway, a central regulator of mechanistic target of rapamycin complex 1 (mTORC1), 4 orchestrates both intracellu-lar and extracellular signals to control cell metabolism, growth, proliferation, and survival (1) (2) (3) (4) . Great efforts have been made to improve our understanding of how mTORC1 integrates systemic and local nutrient signals, which constitute a regulatory circuit involving the essential activators of mTORC1, such as small GTPase proteins Rheb and Rags (5) (6) (7) (8) (9) . The activated mTORC1 phosphorylates substrates, such as S6K, 4EBP1, ULK1, and TFEB, and thus regulates cell growth, autophagy, and cell metabolism (10, 11) . Deregulated mTORC1 signaling is closely associated with a wide range of diseases, including various cancers, metabolic diseases, and developmental disorders (1, 5, 11, 12) .
DEPTOR, also known as DEPDC6, plays an important role in both mTORC1 and mTORC2 signaling pathways. DEPTOR was degraded rapidly and promoted the activity of mTOR kinase when cells were shifted from unfavorable to favorable environments (4) . It was also found that DEPTOR suppressed mTOR activity by interacting with the FAT domain of mTOR via its C-terminal PDZ domain. The N terminus of DEPTOR contains two DEP domains with largely unknown function. Moreover, DEPTOR is an unstable protein and can be rapidly degraded under growth factor stimulation (4, 13) . Importantly, previous studies have described an mTOR-dependent phosphorylation-driven pathway underlying which DEPTOR was degraded by SCF ␤TrCP (4, (13) (14) (15) ), suggesting a plausible existence of potential DUBs that contribute to DEPTOR stability.
Ubiquitination is an essential modification during the posttranslational process (16) . Ubiquitin (Ub) is a small polypeptide and is attached to the amino group of an acceptor, which is usually on the lysine residues of substrates (16) . Ubiquitination is initiated by the E1 enzyme-dependent activation of ubiquitin followed by its transfer to an E2 ubiquitin-conjugating enzyme. The resultant thioester linkage of Ub to E2 enzyme acts in concert with a ubiquitin ligase (E3) to conjugate ubiquitin on substrates (17, 18) . This cycle can be repeated to form The authors declare that they have no conflicts of interest with the contents of this article. 1 Both authors contributed equally to this work. 2 To whom correspondence may be addressed. E-mail: xin.ge@tongji.edu.cn. 3 To whom correspondence may be addressed. E-mail: wangp@tongji.
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various ubiquitin chains (Lys-48, Lys-63, Lys-33, Lys-29, Lys-27, Lys-6, or Lys-11) (19, 20) . The type of ubiquitin chain linkage determines the destination of the corresponding ubiquitination. For example, Lys-48 -linked Ub chains usually target proteins for proteasome degradation. In contrast, Lys-63linked Ub chains are non-degradable and often orchestrate protein complex in signaling pathways (20 -22) . Selection of the substrate is dependent on the E3, whereas the E2 can determine the specific type of ubiquitin chain (23) . DUBs are cysteine proteases (with the exception of the JAMM family DUBs, which are metalloproteases) (24, 25) . They can catalyze the removal of Ub from Ub-modified proteins and for the processing of tandemly linked Ub precursors that are nascently translated (24, 26, 27) . Based on the structure of the active site and the mechanism of catalysis, DUBs are divided into five groups: UCHs, USPs, MJDs, OTUs, and JAMMs (24) . The release of Ub is achieved either by the removal of the entire Ub chain from the protein or by the removal of individual or multiple ubiquitins from the chain. Conversely, different DUBs exhibit specific preferences for mono-/poly-Ub chains (28) . There are also some DUBs that target a wide range of distinct ubiquitinated proteins and display a diverse array of biological functions (29) .
In this study, we identified ovarian tumor (OTU) domaincontaining ubiquitin aldehyde-binding protein 1 (OTUB1) as a DEPTOR-interacting DUB. OTUB1 belongs to the OTU protein superfamily (30, 31) and is implicated in the NF-␤ and TGF-␤ signaling pathways (32) . It can stabilize c-IAP2 (33), phosphorylated SMAD2/3 (32) , and TRAF3/6 (34) . OTUB1 is also involved in the functional regulation of some proteins that are critical for tumorigenesis, such as p53 (35, 36) , estrogen receptor ␣ (37, 38) FOXM1 (39), and SMAD2/3 (32, 40) , indicating that OTUB1 may play an important role in tumorigenesis. Consistently, recent studies have reported that OTUB1 is overexpressed in colorectal and prostate cancers (41) (42) (43) .
In this study, we identified OTUB1 as a DEPTOR-interacting protein that deubiquitinates and stabilizes DEPTOR in an Asp-88 -dependent manner. Moreover, OTUB1 also negatively regulates the activation of mTORC1 by stabilizing DEPTOR protein under the changing conditions of nutrient cues, which ultimately involves in cellular autophagy, cell size alteration, and tumor growth.
Results

OTUB1 is a potential DUB of DEPTOR
mTORC1 signaling is activated by short-term amino acid treatment (44) . We were interested in studying whether and how mTORC1 activation is shut off by long-term amino acid treatment. Consistent with a previous study, treatment with amino acids results in mTORC1 activation in 1 h as determined by pS6K and pS6 (44) . Interestingly, we found that under longterm amino acid stimulation up to 6 h, the activation of mTORC1 signaling was significantly decreased (Fig. 1A) , suggesting that a negative feedback might be operating to control such amino acid-dependent mTORC1 signaling pathway.
To uncover the mechanism by which mTORC1 is inactivated under long-term amino acid treatment, we examined the Figure 1 . Screening DUBs that deubiquitinate DEPTOR. A, in HEK293T cells, mTORC1 signaling significantly declined under long-term amino acid stimulation up to 6 h as determined by pS6K and pS6. The DEPTOR protein level increased in response to long-term amino acid stimulation. HEK293T cells were starved under amino acid deprivation conditions for up to 6 h. Cells were lysed, and the protein levels of DEPTOR were detected by immunoblotting using anti-DEPTOR antibody. The expression levels of other mTOR-related proteins were detected with their specific antibodies, respectively. B, the mRNA levels of DEPTOR at different time points were detected using quantitative PCR. C and D, screening DUBs that specifically deubiquitinate DEPTOR. The ubiquitination level of DEPTOR was analyzed in HEK293T cells after transfection of different DUB plasmids. The ubiquitinated proteins were pulled down under denaturing conditions using Ni-NTA-agarose beads and detected by Western blotting. AA, amino acids; Ctrl, control; WCE, whole-cell extract.
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expression levels of the corresponding mTORC1 components in human embryonic kidney 293T (HEK293T) cells. Interestingly, we found that the protein levels of DEPTOR, but not other proteins, were increased in response to long-term amino acid stimulation ( Fig. 1A ). However, we did not detect up-regulation of DEPTOR at the mRNA level ( Fig. 1B ), suggesting that DEPTOR levels may be regulated at the post-translational level. It has been reported that SCF ␤TrCP targets DEPTOR for ubiquitination-dependent degradation (4, (13) (14) (15) . However, it is not clear whether DEPTOR is regulated by deubiquitination as well. To explore the potential relevance of DUBs for DEPTOR stability, we screened a library of different DUBs by examining the ubiquitination levels of DEPTOR. Our data showed that OTUB1, OTUB2, OTUD5, UCHL1, and JOSD2, but not other DUBs, significantly removed the ubiquitination chain from DEPTOR ( Fig. 1 , C and D).
OTUB1 interacts with DEPTOR via its N-terminal domain
To further identify which DUB is involved in the DEPTOR deubiquitination, we examined the interaction between the above-mentioned DUBs and DEPTOR by a coimmunoprecipitation assay. Our data showed that OTUB1, OTUB2, OTUD5, UCHL1, and JOSD2, but not other DUBs, could interact with DEPTOR ( Fig. 2, A and B) . The interaction between exogenous or endogenous DEPTOR and OTUB1 was further confirmed by a coimmunoprecipitation assay in HEK293T cells (Fig. 2, C-E) . Figure 2 . OTUB1 directly interacts with DEPTOR, and their interaction is regulated by amino acid signaling. A, FLAG-OTUB1, FLAG-OTUB2, FLAG-OTUD5, or FLAG-JOSD2 and HA-DEPTOR were cotransfected into HEK293T cells, and then cells were lysed. DEPTOR was immunoprecipitated using anti-HA or anti-FLAG antibody. Coimmunoprecipitated OTUB1, OTUB2, OTUD5, and JOSD2 were detected using anti-FLAG or -HA antibody, respectively. B, HA-OTUB1, HA-UCHL1, and FLAG-DEPTOR were cotransfected into HEK293T cells and detected by Western blotting. C, HA-OTUB1 and FLAG-DEPTOR were cotransfected into HEK293T cells, and cells were lysed. DEPTOR was immunoprecipitated using anti-FLAG antibody. Coimmunoprecipitated OTUB1 was detected using anti HA-antibody. D, transfected cells were cotransfected with FLAG-OTUB1 and HA-DEPTOR, and the cell lysates were immunoprecipitated using anti-HA or FLAG antibody, respectively. E, endogenous DEPTOR was immunoprecipitated from HeLa cells using rabbit DEPTOR polyclonal antibody or control rabbit IgG antibody. Coimmunoprecipitated endogenous OTUB1 was analyzed by Western blotting. F, domain architecture of OTUB1 and OTUB2. G, the N-terminal region of OTUB1 is critical for the interaction between OTUB1 and DEPTOR. H, the recombinant protein NϩOTUB2 interacts with DEPTOR in the same way as OTUB1. I and J, the interaction between OTUB1 and DEPTOR is regulated by amino acid signaling. AA, amino acids; Ctrl, control; WCE, whole-cell extract; IP, immunoprecipitation.
Deubiquitination of DEPTOR by OTUB1
These data suggest that OTUB1 may directly interact with DEPTOR.
OTUB1 differs from OTUB2 primarily by an N-terminal extension of 46 amino acid residues that is absent from OTUB2 ( Fig. 2F ). We therefore tested whether the interaction between DEPTOR and OTUB1 depends on the N terminus of OTUB1. DEPTOR was coexpressed with the wildtype or a mutant of HA-OTUB1 lacking its N-terminal extension (HA-OTUB1⌬N). As shown in Fig. 2G , our data showed that the mutant, HA-OTUB1⌬N, lost the ability to interact with DEPTOR, indicating an important role of the N terminus of OTUB1 in its interaction with DEPTOR. To further confirm this finding, we generated an OTUB1-(N-term)-OTUB2 (NϩOTUB2) chimera construct and examined its interaction with DEPTOR. We found that the binding of DEPTOR was rescued by the fusion of the N terminus of OTUB1 to OTUB2 (Fig. 2H ). These results together indicate that OTUB1 requires its N terminus to interact with DEPTOR.
Because the cellular protein levels of DEPTOR were increased in response to long-term amino acid stimulation as shown in Fig. 1 , we hypothesized that the binding of OTUB1 and DEPTOR is mediated by amino acid signals. To this end, we examined whether the interaction between DEPTOR and OTUB1 is regulated by amino acid stimulation. As shown in Fig. 2I , the binding of OTUB1 to DEPTOR was markedly increased under amino acid treatment. The interaction between endogenous DEPTOR and OTUB1 was also strengthened under amino acid treatment ( Fig. 2J ), suggesting that OTUB1 may be involved in the modulation of DEPTOR stability induced by amino acid signaling.
OTUB1 stabilizes DEPTOR
We next examined whether OTUB1 is involved in DEPTOR stabilization. Our data showed that protein levels of DEPTOR were dramatically increased by coexpression of OTUB1 (Fig.   3A ). We also examined whether OTUB1 affects the stability of DEPTOR using a cycloheximide (CHX) chase assay. To this end, FLAG-DEPTOR was coexpressed with or without FLAG-OTUB1 in HEK293T cells. The half-life time of FLAG-DEPTOR was analyzed. Our data showed that OTUB1 significantly prolonged the half-life of FLAG-DEPTOR ( Fig. 3, B and C). The E3 ubiquitin ligase SCF ␤TrCP has been reported to induce DEPTOR degradation (49) . Our data showed that expression of OTUB1 markedly prevented the degradation of DEPTOR induced by ␤TrCP ( Fig. 3D) .
Given the fact that overexpression of OTUB1 can stabilize DEPTOR protein, we tested whether endogenous OTUB1 can also regulate DEPTOR stability. To this end, we established OTUB1-deficient HeLa cell lines using the CRISPR-Cas9 system. Our data showed that expression levels of DEPTOR were obviously decreased in OTUB1-deficient HeLa cells compared with that of their parent wildtype HeLa cells ( Fig. 3E ). Importantly, the enhanced protein levels of DEPTOR induced by long-term amino acid treatment were abolished by OTUB1-specific siRNAs (Fig. 3F ). Collectively, these data indicate that OTUB1 is a deubiquitinase of DEPTOR that can stabilize DEPTOR.
Asp-88 is required for the activity of OTUB1 toward DEPTOR
We have confirmed that OTUB1 can specifically bind to and stabilize DEPTOR. OTUB1 is a deubiquitinating enzyme that specifically removes Lys-48 -linked ubiquitin chains (45) . We therefore examined whether the deubiquitination of DEPTOR by OTUB1 was dependent on its catalytic activity. To this end, we generated the OTUB1 C91S mutant in which the catalytic cysteine 91 was replaced by serine and thereby lost its catalytic activity (Fig. 4A) . To our surprise, our data showed that the OTUB1 C91S mutant could still abrogate the ubiquitination of DEPTOR as efficiently as the wildtype OTUB1 (Fig. 4B) , indicating that Cys-91 is not required for OTUB1 to deubiquitinate DEPTOR. Figure 3 . OTUB1 regulates the stability of DEPTOR. A, FLAG-DEPTOR was cotransfected with empty vector or with increasing amounts of FLAG-OTUB1 constructs in HEK293T cells. B, overexpression of OTUB1 prolongs the half-life of DEPTOR. HEK293T cells were transfected with OTUB1 and DEPTOR followed by treatment with 50 g/ml CHX, and then cells were harvested at the indicated times. C, the protein band intensities of DEPTOR were quantified by densitometry. Error bars represent S.D. D, OTUB1 prevents ␤TrCP-mediated DEPTOR degradation. E, endogenous DEPTOR level was analyzed in OTUB1-deficient HeLa cell lines. F, HeLa cells were transfected with specific OTUB1 siRNA (siOTUB1). After 72 h, cells were deprived of amino acids for up to 6 h. The levels of DEPTOR were detected by immunoblotting using anti-DEPTOR antibody. Ctrl, control; AA, amino acids; siNC, nonspecific control siRNA.
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OTUB1 can also stabilize proteins via an Asp-88 -dependent non-canonical mechanism (36) . We therefore examined whether OTUB1 stabilized DEPTOR by a non-canonical mechanism. We showed that OTUB1 requires its N terminus to interact with DEPTOR. OTUB1 C23S mutant in which the reactive cysteine in the OTUB1 N-terminal region is disrupted also behaved like the wild-type OTUB1 (Fig. 4B) , indicating that Cys-23 is not required for its activity toward DEPTOR. In contrast, we found that mutation of Asp-88 to Ala in OTUB1 (D88A) dramatically abolished its deubiquitinase activity toward DEPTOR (Fig. 4B ). Consistently, OTUB1 D88A lost the ability to stabilize DEPTOR ( Fig. 4, C,  D, and E) . These results indicate that Asp-88 is required for the deubiquitinase activity of OTUB1 to stabilize DEPTOR in cells. Intriguingly, the capability of OTUB1 D88A to interact with DEPTOR was much stronger than that of wildtype OTUB1 (Fig. 4F ), which can be explained by a "substrate trapping" mechanism. Together, these results reveal that Asp-88 is critical for OTUB1 to suppress DEPTOR ubiquitination in cells.
OTUB1 regulates the mTORC1 activity in amino acid signaling pathway
Because the interaction between OTUB1 and DEPTOR was regulated by amino acid signals (Fig. 2, I and J) , we were particularly interested in exploring whether OTUB1 has any effect on mTORC1 activation induced by amino acid treatment. To this end, endogenous OTUB1 was depleted in H1299 cells using its specific siRNA, and the cells were treated with amino acid at different time points as indicated. Activation of mTORC1 was monitored by detecting the levels of phosphorylation of S6K1 at Thr-389, which is dependent on mTORC1 activation (10, 11) . We found that depletion of OTUB1 dramatically increased the amino acid-induced S6K1 phosphorylation at Thr-389 at different time points as indicated (Fig. 5, A and C) . Moreover, knockdown of OTUB1 markedly increased the phosphorylation level of S6K1 at Thr-389 in H1299 cells within a broad range of amino acid concentrations (Fig. 5B ). In addition, the phosphorylation of S6, a target of S6K, was intimately correlated with the phosphorylation status of S6K1 ( Fig. 5 , A-C), indicating that OTUB1 depletion also promotes cellular S6K1 kinase activities. This phenotype is specific to OTUB1 but not OTUB2 (Fig. 5, D and E) . We also confirmed this result in OTUB1-deficient HeLa cells as well as in HCT116 cells (Fig. 5, F  and G) . Taken together, these data indicate that OTUB1 is an endogenous negative regulator of mTORC1 activation in response to amino acid signals.
In accordance with the negative effect of OTUB1 on mTORC1 signaling, we found that ectopic expression of OTUB1 significantly suppressed mTORC1 activation induced by amino acid treatment (Fig. 5H ). Such effect was also observed with amino acid stimulation in both time-and gradient-dependent manners within a broad range of amino acid concentrations (Fig. 5, I and J) . This inhibition required the N terminus of OTUB1 and its Asp-88 residue (Fig. 5K ). Taken together, our data demonstrate that OTUB1 is a negative regulator of amino acid-induced mTORC1 activation, which is dependent on the Asp-88 site of OTUB1 and its interaction with DEPTOR. Figure 4 . Asp-88 is critical for OTUB1 to suppress DEPTOR ubiquitination. A, domain architecture of OTUB1 and OTUB2. Mutations at amino acid residues used in the study are shown. B, mutant OTUB1 D88A, but not mutant OTUB1 C91S, failed to suppress DEPTOR ubiquitination. HEK293T cells were transfected with different combinations of the indicated plasmids. A ubiquitination assay was conducted using Ni-NTA pulldown under denaturing conditions followed by Western blotting in vivo. C, mutant OTUB1 D88A cannot stabilize DEPTOR in HEK293T cells. D and E, overexpression of OTUB1 D88A cannot prolong the half-life of DEPTOR in HEK293T cells. F, DEPTOR exhibits a stronger interaction with OTUB1 D88A than with wildtype OTUB1 in HEK293T cells. IP, immunoprecipitation; WCE, whole-cell extract; Ctrl, control.
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It has been demonstrated that amino acid deprivation can induce autophagy due to inhibition of mTORC1 activities (46, 47) . Given that OTUB1 negatively regulates mTORC1 activation, we then examined whether OTUB1 is involved in regulation of autophagy. Our data showed that the autophagy induced by amino acid starvation was markedly promoted by OTUB1 overexpression as detected by the production of GFP-LC3II puncta (Fig. 6, A and B) . On the contrary, OTUB1 depletion significantly decreased the autophagy induced by amino acid starvation (Fig. 6, C and D) . Together, these data indicate that OTUB1 is a negative regulator of amino acid starvationinduced autophagy.
Previous studies have shown that mTORC1 is involved in cell growth (47) . Given that OTUB1 mediates the stability of DEPTOR, we examined whether OTUB1 affects cell prolifera- Figure 5 . OTUB1 is a negative regulator of amino acid-induced mTORC1 activation. A-C, knockdown of OTUB1 enhances amino acid-dependent mTORC1 signaling in H1299 cells. H1299 cells were treated with nonspecific control siRNA (siNC) or OTUB1-targeting siRNA (siOTUB1). The cells were treated with amino acids at the indicated concentrations (B) and durations (A and C). D and E, knockdown of OTUB2 has no effect on mTORC1 signaling. Error bars represent S.D. (**, p Ͻ 0.01). F and G, the deficiency of OTUB1 enhances amino acid-dependent mTORC1 signaling in HCT116 (F) and OTUB1-KO HeLa cells (G). H-J, OTUB1 inhibits mTORC1 signaling. HEK293T cells expressing the indicated proteins were treated with amino acids for the indicated durations (H and I) and at different concentrations (J). K, neither OTUB1⌬N nor OTUB1 D88A inhibits mTORC1 signaling. Ctrl, control; AA, amino acids.
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tion using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. As shown in Fig. 6E , knockdown of OTUB1 by its specific siRNA significantly increased the proliferation rate of HeLa cells. To further determine whether the effects of OTUB1 on mTORC1 signaling are physiologically significant, we measured the cell size of OTUB1-deficient cells. Our data showed that cells depleted of OTUB1 by siRNA were larger than those of parallel control cells (Fig. 6F) . Similar results were obtained in OTUB1-knockout HeLa cells (Fig. 6G) . Collectively, these data illustrate that OTUB1 regulates cell proliferation, cell size, and autophagy.
Discussion
OTUB1 is a member of the OTU domain-containing cysteine proteases and catalyzes the cleavage of Lys-48 -linked poly-Ub in vitro (45) . In this study, we found that OTUB1 directly interacts with DEPTOR in cells and in vitro, resulting in stabilization of DEPTOR. DEPTOR is an endogenous inhibitor of both mTORC1 and mTORC2 (4) . We found that overexpression of OTUB1 negatively regulates mTORC1 activation in response to amino acid signals. Thus, we have identified OTUB1 as a new regulator for stabilizing DEPTOR.
In contrast to OTUB1, an N-terminal extension of 46 amino acid residues is absent from OTUB2 (48) . Although both can deubiquitinate DEPTOR, OTUB2 cannot interact with DEP-TOR. We have proven that the N-terminal region of OTUB1 is necessary for the binding of OTUB1 to DEPTOR as there was no interaction between OTUB1⌬N and DEPTOR. It is worthwhile to mention that such binding also exists between NϩOTUB2 and DEPTOR, although whether NϩOTUB2 possesses the ability to stabilize DEPTOR is still unknown.
Cys-91 is an essential catalytic site for OTUB1 enzymatic activities toward poly-Ub chains (48) . However, mutation of the catalytic Cys-91 did not abolish the ability of OTUB1 to deu- 
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biquitinate and stabilize DEPTOR. Interestingly, our data showed that overexpression of OTUB1 D88A or abrogation of endogenous OTUB1 by siRNA markedly impaired DEPTOR stability and mTORC1 activities in response to amino acid signals. It has been reported that the Asp-88 site of OTUB1 is critical for its binding to E2 and suppresses its Ub-conjugating activity in vitro (36) . Thus, it appears that OTUB1 reduces cellular DEPTOR ubiquitination primarily via non-canonical inhibition of UbcH5 or other E2, although we cannot exclude the possibility that OTUB1 also directly inhibits ␤TrCP E3 activity. This observation is consistent with a non-canonical mechanism by which OTUB1 suppresses the chromatin ubiquitination induced by DNA damage (48) .
By screening deubiquitinase enzymes of DEPTOR, we found that, in addition to OTUB1, OTUB2, OTUB5, UCHL1, and JOSD2 also can deubiquitinate DEPTOR, although they do not possess the same interaction with DEPTOR as OTUB1. Our data also excluded the possibility that OTUB2 and OTUD5 deubiquitinate DEPTOR via forming a heterodimer with OTUB1 (data not shown). Therefore, their functional roles in DEPTOR deubiquitination await further investigation. In summary, our study reveals a novel role of OTUB1 in regulation of DEPTOR stability and mTORC1 activities.
Experimental procedures
Cell culture and transfection
All cell lines were received from the Chinese Academy of Sciences Committee Type Culture Collection Cell Bank (Shanghai, China) and authenticated by the cell banks with short tandem repeat analysis. Both HeLa and HEK293T cells were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS) at 37°C in the presence of 5% CO 2 . H1299 cells were cultured in RPMI 1640 medium with 10% heat-inactivated FBS. H1299 and HeLa cells were transfected with Lipofectamine 2000 following the manufacturer's protocol. HEK293T cells were transfected using a calcium phosphate-DNA coprecipitation method.
Plasmids and RNA interference (RNAi)
OTUB1 and its mutants were cloned into pCDNA3.1 vector with a FLAG or HA tag at its N terminus using standard cloning methods. HA-S6K was kindly provided by Dr. Kunliang Guan. His-Ub expression plasmids were constructed as described previously (9) . siRNA oligonucleotides were transfected using Lipofectamine 2000. The sequences of siRNAs against OTUB1 were as follows: siRNA 1, 5Ј-CCGACUACCUUGUGGUCUA-3Ј; and siRNA 2, 5Ј-TGGATGACAGCAAGGAGTT-3Ј.
Reagents and antibodies
Anti-FLAG, anti-HA, and secondary antibodies were purchased from Sigma. The polyclonal anti-GFP antibody and mouse monoclonal anti-ubiquitin (P4D1,sc-8017) (P4D1, sc-8017) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The antibodies against OTUB1 (3783S), DEPTOR (11816S), pS6K (9234S/L), pS6 (4858S), mTOR (2983S), S6K (9202S), S6 (2217S), RagB (D18F3), and ␤TrCP1 (D13F10) were purchased from Cell Signaling Tech-nology. MG132 was from Sigma, and Ni-NTA-agarose (30210) was from Qiagen. DMEM (amino acid-free) was purchased from Genetimes Technology, and amino acids (50ϫ) were purchased from Gibco.
RNA isolation and real-time quantitative PCR
Total mRNA was extracted using TRIzol (Invitrogen), and 500 ng RNA was used to synthesize cDNA using the Prime Script TM RT reagent kit (Takara, DRR037A) according to the manufacturer's instructions.
Coimmunoprecipitation and Western blotting
Coimmunoprecipitation and Western blotting were performed as described previously (9) . The cells were lysed in CHAPS lysis buffer (10 mM glycerophosphate, 0.3% CHAPS, 1 mM EDTA, 40 mM HEPES, pH 7.4, 120 mM NaCl plus a mixture of proteinase inhibitors). After sonication for 10 min, the soluble part of cell lysates was centrifuged at 12,000 rpm in a frozen microcentrifuge for 15 min. Then the cell lysates were centrifuged to discard the cell debris and incubated with HA or M2 beads (Abmart and Sigma) for 3 h. After washing three times with CHAPS buffer, the beads were boiled, resolved using SDS-PAGE, and analyzed by Western blotting. Results were measured and analyzed using an Odyssey system.
Deubiquitination assay
To perform the ubiquitination assay, moderate-density cells were cotransfected with His-Ub, and the transfected cells were lysed using metamorphic Buffer A (0.1 M Na 2 HPO 4 /NaH 2 PO 4 , 6 M guanidine HCl, 10 mM imidazole, pH 8.0). Then the ubiquitinated proteins were refined using Ni-NTA beads (Qiagen) for 4 h at room temperature. The beads were washed with Buffer B (0.01 M Tris-HCl, pH 8.0, 10 mM ␤-mercaptoethanol, 8 M urea, 0.1 M Na 2 HPO 4 /NaH 2 PO 4 , pH 8.0), Buffer C (8 M urea, 0.1 M Na 2 HPO 4 /NaH 2 PO 4 , pH 6.3, 10 mM ␤-mercaptoethanol, 0.01 M Tris-HCl, pH 6.3) with 0.2% Triton X-100, and Buffer C. After the above steps, beads were incubated with 30 l of elution buffer (0.72 M ␤-mercaptoethanol, 30% glycerol, 200 mM imidazole, 0.15 M Tris-HCl, pH 6.7, 5% SDS) at room temperature for 30 min. Samples were analyzed by immunoblotting.
Amino acid starvation and stimulation
All cells were washed and incubated in amino acid-free RPMI 1640 medium for the appropriate time and then stimulated with amino acids (50ϫ)(Gibco) for the indicated times. The final concentration of amino acids in the medium was the same as that in RPMI 1640 medium.
MTT assay and CHX chase assay
Cell proliferation was detected by MTT assay. H1299 cells were seeded into 96-well plates at a density of 700 cells/well. After 24, 48, 72, 96, and 120 h, 200 l of MTT (5 mg/ml) was mixed into each well. The samples were incubated for 4 h at 37°C and then subcultured in medium with 200 l of dimethyl sulfoxide (DMSO). Three independent wells were analyzed at 490-nm wavelength using a spectrophotometer. For the CHX assay, CHX (50 g/ml) was mixed into the cell culture medium,
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and the cells were harvested at 0 -6 h. The transfected cells were lysed and analyzed by Western blotting.
Immunofluorescence
HeLa cells were seeded onto fibronectin-coated glass coverslips in 24-well plates. After transfection or other treatment, cells were deprived of amino acids for 1 h and then treated with amino acids for the indicated time periods. Afterward, the HeLa cells were washed three times with PBS and fixed for 30 min with 4% paraformaldehyde on ice. After fixing, cells were permeabilized with 0.1% Triton X-100 and washed three times with PBS with Triton X-100. The coverslips were blocked for 1 h with blocking buffer (0.3% BSA in PBS) at 4°C and incubated with primary antibody in blocking buffer overnight at 4°C with mixing, washed three times with PBS with Triton X-100. The secondary antibodies were incubated for 1 h at room temperature in the dark. The nucleus was stained with DAPI. The results were observed using a Zeiss LSM 510 Meta confocal system.
Autophagy analysis and cell size analysis
In the autophagy analysis assay, HeLa cells were transfected with GFP-LC3 and the plasmid as indicated in the figure. Those cells were deprived of amino acids for 3 h to induce the formation of GFP-LC3-containing puncta detected by immunofluorescence staining.
To detect cell size, HeLa cells with OTUB1 deficiency or HeLa cells were transfected with OTUB1 siRNAs. Cells were cultured in a 12-well plate until reaching moderate density and then were passaged into a 10-cm dish 24 h after transfection. Then the cells were cultured at 37°C for 48 h. The medium was changed every day. Cells were harvested and subjected to FACS analysis to measure cell size (7) .
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